The present study evaluated spermatozoal capacitation in Farfantepenaeus paulensis. This process has direct applications in aquaculture, and it consists of the ionic, biochemical and morphological changes during the period that the spermatophore is stored or adhered to the thelycum. These changes make the spermatozoa capable of fertilization. The morphological changes of spermatozoal capacitation have been previously investigated only in sicyoniids and open-thelycum penaeids. Thus, this study is the first morphological account of a closedthelycum penaeid. F. paulensis broodstock were captured offshore in southern Brazil, and spermatophores were collected from the terminal ampoule and from the thelycum of sexually mature females that had naturally copulated. The ultrastructure of the spermatozoal capacitation was investigated via transmission electron microscopy. Spermatozoa of F. paulensis show the following changes related to capacitation: (1) the chromatin became less condensed; (2) the acrosomal region became more electron-dense (3) the acrosomal cap became less concave; and (4) the subacrosomal region became much more electron-dense. These results demonstrate that the morphological changes in capacitated spermatozoa of F. paulensis are similar to those previously reported for open-thelycum penaeids, i.e., Litopenaeus species. Further studies on the capacitation process are required, especially to evaluate the interaction between biochemical and morphological changes. Such research could be useful for developing biotechnologies that will allow spermatozoal induction without storing the spermatophore in the thelycum and therefore allow in vitro larval production.
Introduction
Spermatozoal capacitation is the process in which a sperm cell undergoes ionic, biochemical and morphological changes after a period of contact with the female body. These changes equip spermatozoa with fertilization capacity. Capacitation happens in both invertebrates and vertebrates (Visconti et al., 1995; Wikramanayake et al., 1992) . In shrimp, capacitation has been observed in species with open thelyca, in which the spermatozoa contained in spermatophore adhere to the outside of a female's body (Alfaro et al., 2007) .
Spermatozoal capacitation has been evaluated in vitro in a few commercially important shrimp species, e.g., Sicyonia ingentis, Litopenaeus occidentalis, Litopenaeus vannamei, Litopenaeus stylirostris, Trachypenaeus byrdi and Xiphopenaeus riveti (Alfaro et al., 2003 (Alfaro et al., , 2007 Wikramanayake et al., 1992) . For example, in vitro fertilization rates are lower when spermatophores are collected from the terminal ampoule than when spermatophores are previously stored in the thelycum (Alfaro et al., 1993; Bray and Lawrence, 1992) . Another method commonly used to demonstrate capacitation is the in vitro induction of the acrosomal reaction, called spermatozoal activation. This method uses egg water (EW), a flocculent material released throughout spawning that is composed of the outermost layer of the egg, the vitelline envelope, cortical rods and some thelycal substances. Spermatozoa are activated by contact between the cells and the EW (Kruevaisayawan et al., 2008) . Alfaro et al. (2003) evaluated spermatozoal activation by this method using spermatophores collected from the terminal ampoules of L. occidentalis, T. byrdi and X. riveti. The activation rates were low or zero, supporting the hypothesis that spermatozoa cannot fertilize oocytes when spermatophores are not previously stored in or adhered to the thelycum. Similar results were reported for L. vannamei, L. stylirostris and S. ingentis (Alfaro et al., 2007; Wikramanayake et al., 1992) .
Morphological changes associated with capacitation have been identified via ultrastructural studies of spermatozoa. For example, the ultrastructure of spermatozoal capacitation in shrimp has been described for S. ingentis, L. vannamei, L. stylirostris and L. occidentalis (Alfaro et al., 2007; Aungsuchawan et al., 2011; Wikramanayake et al., 1992) .
There is limited information on spermatozoal capacitation in shrimp, which hinders an understanding of this process and its application to aquaculture. Post-larvae production of shrimp requires that the spermatophore be incubated in the thelycum, and this has prevented shrimp in vitro reproduction in laboratories. Understanding capacitation could be useful to the development of biotechnologies that would allow spermatozoal induction without spermatophore storage into the thelycum.
Farfantepenaeus paulensis is a marine shrimp that is used in Brazilian aquaculture. Post-larvae of the species have been produced since the 80s, and technological advances have facilitated the reproduction of F. paulensis in captivity, which has allowed the commercial production of F. paulensis in pen enclosures in the Patos Lagoon estuary (southern Brazil) in the last decade (Marchiori and Boff, 1983; Peixoto et al., 2011; Poersch et al., 2006) .
The spermatozoal ultrastructure has been the subject of some research (Braga et al., 2013) ; however, the ultrastructure of the spermatozoal capacitation for F. paulensis is still unknown. Thus, the aim of this study was to evaluate the ultrastructural changes experienced by F. paulensis spermatozoa after the spermatophore is stored in the thelycum. This study is the first morphological description of the capacitation process for a closed-thelycum penaeid species.
Material and methods

Animals and biological material sampling
Farfantepenaeus paulensis broodstock (n = 50) were collected in Santa Catarina (26°54′S 48°34′W) offshore and transferred to the Marine Station of Aquaculture at the Federal University of Rio Grande, Southern Brazil. In the lab, the animals were acclimated for one week in one 10 m 2 circular maturation tank (5000 L). During this period, the shrimp were fed four times daily with crab, squid, fish and the commercial diet (Breed-S Inve Aquaculture, Belgium) offered ad libitum alternately. The seawater (30 ± 1 ppt) was renewed daily at a 100% rate and maintained at 27 ± 1°C. Food remains, feces and exuviae were removed from the tank daily. The artificial photoperiod was 14:10 light: dark. After acclimation, naturally coupled females (53.04 ± 8.21 g) were identified by visual examination of the thelycum and were unilaterally eyestalk ablated and maintained under the same acclimation conditions. The gonads were examined daily using a flashlight to illuminate the ovaries in contrast to the white bottom of the maturation tank. Mature females (n = 8) were identified (Peixoto et al., 2003) , and the spermatophore stored in the thelycum of each female was removed by dissection. Simultaneously, eight males (22.75 ± 4.11 g) in the intermolt stage were selected from among the population of broodstocks. Their spermatophores were manually extruded via compression of the coxae of the fifth pereiopod pair (Nakayama et al., 2008) . Spermatophores collected from both the terminal ampoule and thelycum were fixed in 1:1:1 6% glutaraldehyde, 6% paraformaldehyde, and 0.1 M sodium cacodylate solution (pH 7.2). The samples were maintained at 4°C for 24 h and were then transferred to the Immunology and Electronic Microscopy Laboratory at the Brazilian Enterprise for Agricultural Research.
Transmission electron microscopy (TEM)
The samples were washed three times for 15 min each in 0.1 M sodium cacodylate and 0.2 M sucrose and post-fixed for 3 h in 1% osmium tetroxide at 4°C. After this period, the samples were washed two times for 15 min in bi-distilled water and were dehydrated in ethanol solutions of increasing concentration (30%, 50%, 70%, 90%, 95% and 100%). Following dehydration, the samples were immersed three times for 10 min in acetone and dyed with 1% methylene blue in 1% borax. The samples were maintained in 1:1 epoxy resin (Epon 812®):acetone for 1 h under continuous stirring, embedded in epoxy resin for an additional hour and finally blocked. The blocks remained for 5 days at 60°C.
Thin sections (100 nm) were collected by ultramicrotomy (Leica Ultracut UCT). Some of these sections were selected under a light microscope (Olympus BX 51) and mounted on copper grids. These sections were examined with a Zeiss EM 900 transmission electron microscope. Fig. 1 shows the ultrastructural changes in spermatozoa after storage in thelycum. The spermatozoa collected from terminal ampoule (S-spermatozoa) consisted of a main body composed of a thin band of cytoplasm surrounding the nucleus and the basal region of the acrosomal region, which has an anterior acrosomal spike (Fig. 1A) . This pattern is like the one observed in the spermatozoa collected from thelycum (T-spermatozoa) (Fig. 1D) .
Results
In both S-and T-spermatozoa, the cytoplasm was a thin bandposterior to the nucleus and anteriorly limited by the acrosomal region. The cytoplasmic band was composed of accumulated membranes and two populations of vesicles, one small and another large (Figs. 1B, E) .
The nuclear region of S-and T-spermatozoa had remarkable ultrastructural differences. The nucleus in the S-spermatozoa showed uncondensed chromatin made up of a granule network and filaments, which assigns to it a fibrous pattern (Fig. 1B) . This nuclear pattern was also observed in the T-spermatozoa (Fig. 1E) . However, the filaments that compose the nucleus were less abundant in the T-spermatozoa, and the region's pattern was therefore more electron-lucent (Figs. 1B, E) .
Differences between S-and T-spermatozoa were also observed in the acrosomal region. The material that composes the acrosomal vesicle (i.e., acrosomal cap and spike) is more electron-dense in T-spermatozoa. In addition, the acrosomal cap is less concave in T-spermatozoa. The subacrosomal region was composed of flocculent material in S-spermatozoa, whereas it has a greater lateral extent and was composed of a denser material in T-spermatozoa (Fig. 1A, C, D, F) .
Discussion
The morphological pattern of S-spermatozoa of F. paulensis observed in this study was congruent with that previously described for the species (Braga et al., 2013) . However, remarkable differences were observed in spermatozoa after spermatophore storage in the thelycum. These differences were primarily related to the nuclear and acrosomal regions of the S-spermatozoa, and included the following: (1) the chromatin were less condensed; (2) the acrosomal region was more electron-dense; (3) the acrosomal cap was less concave; and (4) the subacrosomal region lost its flocculent appearance and was much more electron-dense.
In S. ingentis, the morphological changes after spermatophore storage into the thelycum are also associated with the acrosomal vesicle and the subacrosomal region. However, these changes are more complex than those observed in F. paulensis. For example, the S-spermatozoa of S. ingentis have externally spiraled spikes and the subacrosomal region is highly complex, composed of a crystalline lattice, a central granular core, a saucer-shaped plate and spherical bodies located in the granular core (Kleve et al., 1980; Medina et al., 1994) . In the T-spermatozoa of S. ingentis, the spiral pattern of the spike is lost and a new structure in subacrosomal region is developed, known as the extended saucer (Wikramanayake et al., 1992) .
Three basic differences have been described between the S-and T-spermatozoa of Litopenaeus species: (1) the subacrosomal region of T-spermatozoa shows denser filamentous material in comparison with S-spermatozoa; (2) chromatin fibers of T-spermatozoa are more de-condensed than those of the S-spermatozoa; and (3) a spiral line observed on the external surface of the spike and other circular basal line observed on the surface of the acrosomal cap of S-spermatozoa of L. vannamei are lost in T-spermatozoa (Alfaro et al., 2007; Aungsuchawan et al., 2011) .
Although S. ingentis have a closed thelycum like F. paulensis, the ultrastructural changes undergone by spermatozoa of F. paulensis after capacitation were much like those described for the open-thelycum Litopenaeus (items 1 and 2 listed above). This similarity is directly associated with the morphological patterns of the acrosomal reaction of Sicyoniidae and Penaeidae.
In Sicyoniidae, the acrosomal reaction is a biphasic process that comprises the spike depolymerization followed by acrosomal exocytosis (phase 1); and the formation of the acrosomal filament (phase 2) (Griffin et al., 1988) . Wikramanayake et al. (1992) suggested that the new structure formed in the T-spermatozoa of S. ingentis acts as a template for the extension of the acrosomal filament. However, the acrosomal reaction in the Penaeidae does not involve the formation of an acrosomal filament and consists only of spike depolymerization and the exocytosis of the cell contents (Kruevaisayawan et al., 2008; Pongtippatee et al., 2007) . For this family, the subacrosomal region is known to be related to exocytosis because it becomes progressively denser and larger throughout the acrosomal reaction, forcing the rupture of the acrosomal vesicle (Alfaro et al., 2003 (Alfaro et al., , 2007 Pongtippatee et al., 2007) . Thus, the morphological changes observed in the subacrosomal region of Litopenaeus species and F. paulensis after capacitation are most likely related to the function of this region during the acrosomal reaction. Likewise in the subacrosomal region, the less condensed pattern of the chromatin fibers is most likely related to the acrosomal reaction. Shigekawa and Clark (1986) suggested that uncondensed chromatin is more elastic than condensed chromatin. Thus, it is possible that the less condensed nucleus in T-spermatozoa facilitates the exocytosis at the end of the penaeid acrosomal reaction. Limited information on the acrosomal reaction and the ultrastructure of the capacitation for Farfantepenaeus prevents a wider discussion on the other morphological changes identified for F. paulensis in this study.
The morphological changes of spermatozoa related to capacitation are most likely responses to ionic and biochemical changes that occur while the spermatophore is stored in the thelycum (Wikramanayake et al., 1992) . For example, an increased pH and more Ca +2 have been reported in capacitated spermatozoa of S. ingentis (Griffin et al., 1987; Lindsay and Clark, 1992) . However, Lindsay and Clark (1992) reported that the ionic changes may not be the trigger for morphological changes throughout capacitation and acrosomal reaction. Instead, they may activate biochemical pathways that lead to morphological rearrangements. Some biochemical changes have been described in penaeid spermatozoa after capacitation. For example, Vanichviriyakit et al. (2004) found different profiles of protein and lipid membranes in S-and Tspermatozoa of Penaeus monodon. According to the authors, these biochemical changes were the result of the interaction between thelycal protein and spermatozoal membrane extractives, e.g., thelycal components are adsorbed to spermatozoal membrane, whereas molecules present on the spermatozoal surface are removed during the time spermatophores are stored in the thelycum.
In mammals, the tyrosine phosphorylation is considered biochemical evidence of the spermatozoal capacitation (Cross, 1998; Davis, 1981; Visconti et al., 1999) . Vanichviriyakit et al. (2004) also reported the sequential increase of tyrosine phosphorylation in spermatozoa of P. monodon throughout spermatophore storage in the thelycum. Aungsuchawan et al. (2011) demonstrated that the site of the phosphorylation in L. vannamei changes from the spike in S-spermatozoa to the subacrosomal region in T-spermatozoa. It is possible that this change is related to the morphological changes in the subacrosomal region that have been reported for F. paulensis and other shrimp. However, further studies on the morphological and biochemical changes are required to understand the mechanisms of spermatozoal capacitation and eventually allow the in vitro production of penaeid larvae.
Conclusions
After the spermatophore is stored in the thelycum, the spermatozoa of F. paulensis undergo morphological changes related to capacitation. Stored spermatozoa have less condensed chromatin and the acrosomal region is more electron-dense and less concave. The most remarkable morphological change observed in the spermatozoa of F. paulensis was the loss of the flocculent appearance of the subacrosomal region, which became much denser in capacitated spermatozoa.
